High frequency spontaneous activity in injured primary afferents has been proposed as a pathological mechanism of neuropathic pain following nerve injury. Although spinal infusion of glial cell line-derived neurotrophic factor reduces the activity of injured myelinated A-fiber neurons after fifth lumbar (L5) spinal nerve ligation in rats, the implicated molecular mechanism remains undetermined. The fast-inactivating transient A-type potassium current (I A ) is an important determinant of neuronal excitability, and five voltage-gated potassium channel (Kv) alpha-subunits, Kv1.4, Kv3.4, Kv4.1, Kv4.2, and Kv4.3, display I A in heterologous expression systems. Here, we examined the effect of spinal glial cell line-derived neurotrophic factor infusion on I A and the expression of these five Kv mRNAs in injured A-fiber neurons using the in vitro patch clamp technique and in situ hybridization histochemistry. Glial cell line-derived neurotrophic factor infusion reversed axotomy-induced reduction of the rheobase, elongation of first spike duration, and depolarization of the resting membrane potential. L5 spinal nerve ligation significantly reduced the current density of I A and glial cell line-derived neurotrophic factor treatment reversed the reduction. Among the examined Kv mRNAs, only the change in Kv4.1-expression was parallel with the change in I A after spinal nerve ligation and glial cell line-derived neurotrophic factor treatment. These findings suggest that glial cell line-derived neurotrophic factor should reduce the hyperexcitability of injured A-fiber primary afferents by I A recurrence. Among the five I A -related Kv channels, Kv4.1 should be a key channel, which account for this I A recurrence.
Introduction
Peripheral nerve injury causes high frequency spontaneous activity (SA) in primary afferent neurons. 1 This hyperexcitability of primary afferent neurons has long been implicated as a pathological mechanism of neuropathic pain. 2 After simple peripheral nerve lesion at a rather proximal portion, such as fifth lumbar (L5) spinal nerve ligation (SNL), SA occurs selectively in primary afferent A-fibers, but not C-fibers, [3] [4] [5] [6] [7] while some other types of injury could also induce C-fiber SA. [8] [9] [10] [11] Intrathecal infusion of glial cell line-derived neurotrophic factor (GDNF) prevents/reverses L5 SNL-induced mechanical allodynia. 3, [12] [13] [14] Boucher et al. 3 have suggested that GDNF exerts its analgesic effects by reducing SA through the prevention of de novo expression of a specific type of voltage-gated sodium channel (Nav) alpha-subunit, Nav1.3, in the injured dorsal root ganglion (DRG). However, a Nav1.3 knockout study failed to prevent the occurrence of SA. 15 Therefore, changes in the expression of Nav alpha subunits cannot explain the SA mechanism.
Hyperexcitability of primary afferent neurons is a common observation in various painful neuropathy animal models and is often associated with K þ current reduction. [16] [17] [18] [19] K þ currents are major outward currents of all neurons leading to hyperpolarization of the cell membrane and a resultant reduction in cell excitability. Following peripheral nerve injury, primary afferent neurons show reduced K þ currents, and topical application of K þ channel blockers greatly increases SA in injured primary afferents. [20] [21] [22] K þ currents are divided into roughly three distinct types based on their kinetics and pharmacological sensitivity: slow-inactivating sustained K-current (I K ), fast-inactivating transient A-current (I A ), and slow-inactivating transient D-current (I D ). Among them, I A is an important determinant of action potential threshold, waveform, and firing frequency. [23] [24] [25] In mammals, I A can be generated by voltage-gated potassium channel (Kv) alpha-subunits encoded by the Kv1.4, Kv3.4, Kv4.1, Kv4.2, and Kv4.3 genes. 26, 27 It has been demonstrated that DRG neurons express some of these Kv alpha-subunits and that axotomy downregulates them. [28] [29] [30] [31] [32] [33] While intrathecal GDNF infusion prevents several phenotypic changes in the injured DRG, 3, 13, 14, 34, 35 its effect on Kv channel expression is not known. The present study was designed to test the hypothesis that GDNF would restore reduced K þ currents and would reverse hyperexcitability of injured A-fiber primary afferent neurons following L5 SNL. We further aimed to identify Kv channel genes related to these electrophysiological effects. We used the in vitro patch clamp technique and in situ hybridization (ISH) histochemistry for this purpose.
Materials and methods

Animals
In total, 39 adult male Sprague-Dawley rats weighing 210 to 240 g (Nippon Dobutsu Co., Nishinomiya Japan) were used for histochemical experiments, and 21 rats weighing 85 to 90 g were used for electrophysiological experiments. These rats were housed in plastic cages, three to four per cage, and food and water were available ad libitum. The room was maintained on a 12-h light/dark cycle in a constant 22 C to 24 C temperature.
All experiments were reviewed and approved by the Animal Research Committee at Hyogo College of Medicine and were performed in accordance with the National Institutes of Health guidelines for animal care.
L5 SNL and delayed GDNF infusion
All surgical procedures were performed under adequate anesthesia with sodium pentobarbital (50 mg/kg, i.p.). For intrathecal infusion of GDNF, a laminectomy of the S1-S2 vertebrae was performed, and a polyethylene tube (O.D. ¼ 0.64 mm, Silascon TM , Kaneka Medix Co., Osaka, Japan) was inserted into the subarachnoid space, terminating near the L5 DRG level. After the muscle and fascia were sutured in layers with 3-0 silk thread, the remaining portion of the tube was implanted subcutaneously. It took 25 to 30 min to finish this surgery. Three days later, the rats received L5 SNL or sham surgery as previously described. 36 Briefly, an approximately 2-cm length skin incision was made in the midline at the low back level, and the muscles were separated from the spinal process and vertebral arch on the left side at the L6 level. After removal of the L6 transverse spinal process, the L5 spinal nerve was identified and tightly ligated with 4-0 silk sutures. In sham-operated rats, the left L5 spinal nerve was isolated without ligation. These surgeries required 15 to 20 min. The animals were divided into three groups; L5 SNLþ GDNF treatment (SNL þ GDNF), L5 SNL þ saline treatment (SNL þ saline), and sham þ saline treatment (sham þ saline). After an additional three days, the implanted tube was identified and cleared with 8 to 12 ml saline and then connected to a mini-osmotic pump (1 ml/h, 7d infusion; model #2001; Alzet, Cupertino, CA) filled with recombinant human GDNF (0.5 mg/ml in saline; Prospec, Rehovot, Israel) or saline (n ¼ 7, each). The pump was implanted subcutaneously, and the skin was sutured with 3-0 silk thread. This operation was over within 30 min. This GDNF dose has also been used in previous studies, 3, 12, 13 and our protocol successfully reversed established mechanical allodynia on day 10.
14 Additionally, we used a smaller pump (model #1007D; 0.5 ml/h, 7 days; Alzet) containing GDNF or saline (n ¼ 7, each) for the electrophysiological study using the smaller rats. We always use adult rats (210-240 g) for behavioral and histochemical studies. In such matured rats, however, it is difficult to acutely dissociate DRG neurons each other with minimum damage because of hard cell-cell and cell-matrix connections. So, we decided to use juvenile rats for electrophysiological study. In order to match GDNF dose to rat's body weight at the end of GDNF infusion (10 days after L5 SNL) using the two capacities of mini-osmotic pumps (1 ml/h, 7 days and 0.5 ml/h, 7 days), we used rats weighing 85 to 90 g for electrophysiology experiments.
The adult and juvenile rats grew up 320 to 350 g and 160 to 170 g, respectively, when they were sacrificed.
Electrophysiological study
The electrophysiological recording was conducted on the final day of 7-day-long GDNF infusion (10 days after L5 SNL). Under 2% isoflurane anesthesia, the ipsilateral (left) L5 DRG was rapidly harvested from the naı¨ve, SNL þ saline, and SNL þ GDNF groups and incubated at 37 C in 5% CO 2 for 40 min in serum free, advanced Dulbecco's modified eagle medium (DMEM)/F12 containing 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA), collagenase (type IV; 2 mg/ml; Worthington Biomedical, Lakewood, NJ), and dispase (2 mg/ml, Worthington). After washing thrice with advanced DMEM/F12 containing 10% fetal bovine serum (Sigma-Aldrich, St. Louis, MI; without enzyme), the DRG was dissociated by trituration in DMEM containing 10% fetal bovine serum, 1% penicillin/streptomycin, 625 mM L-glucose, 4.5 g/l D-glucose, and 110 mg/ l sodium pyruvate. DRG neurons were plated on poly-Llysine-coated glass coverslips (Becton Dickenson Labware, Bedford, MA) and incubated at 37 C in 5% CO 2 for 2 to 8 h before recording. Then, the coverslips were transferred to the recording chamber (volume, 0.5 ml) continuously perfused (0.5 ml/min) with a standard external solution containing (in mM) 155 NaCl, 3 KCl, 1 CaCl 2, 1 MgCl 2 , 10 N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES), and 20 glucose (pH 7.3) and mounted onto an inverted microscope (Nikon, Tokyo, Japan) equipped with phase contrast, a video camera, and two micromanipulators.
We performed whole-cell patch-clamp analysis on the large neurons (diameter !36 mm) to determine whether GDNF modulated the excitability of injured A-fiber neurons. We used this size criterion since 36 mm in diameter is equivalent to 1000 mm 2 in cross-sectional area, and all neuronal profiles larger than 1000 mm 2 can be immunostained with the monoclonal antibody N52, a marker of myelinated primary afferent neurons. 37 Whole cell recordings were conducted as described. 38 Fire-polished patch-pipettes (2-5 MX) were filled with (in mM) 120 potassium methanesulfonate, 20 KCl, 7.5 HEPES, and 2 ethylene glycol-bis-(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA, pH 7.3). In currentclamp mode, we elicited action potentials by depolarizing current pulses (50-1000 pA, 50-100-pA steps, 200 ms) and determined the rheobase (the minimum current required to elicit an action potential). Spike duration was determined as the duration of the first spike at the level of half amplitude. To study outward K þ currents, the solution was changed to one containing (in mM) 150 choline chloride, 3 KCl, 1 MgCl 2, 10 HEPES, and 20 glucose (pH 7.35). We separated I A and K-type currents (I K ) as previously described. 38 Outward potassium currents were elicited by stepping to a conditioning voltage of either -40 mV or -120 mV from the holding potential of -60 mV for 300 ms; then the membrane was depolarized from -40 mV to þ60 mV in increments of 10 mV, with þ60 mV producing the largest peak current in each recording. Current-and voltage-clamp recordings were conducted with an Axopatch 200B amplifier (Molecular Devices, Foster city, CA). Signals were low-pass filtered at 1 or 5 kHz and digitized at 10 kHz. Access resistance was monitored throughout the experiments, and no significant changes were found. All recordings were performed at room temperature.
Tissue preparations
After the final behavioral measurement on day 10, the rats were deeply anesthetized with sodium pentobarbital (75 mg/kg body weight, i.p.) and fixed with paraformaldehyde (Merck, Darmstadt, Germany) as described. 14 The ipsilateral L5 DRG was dissected, postfixed, frozen in powdered dry ice, cut into 12-mm-thick sections, and thaw-mounted onto MAS-coated glass slides (Matsunami, Osaka, Japan). We prepared slides containing the ipsilateral L5 DRG sections obtained from 21 animals (seven sections from each of the three groups) in order to examine the effect of GDNF under the same histochemical conditions. Other rats that underwent L5 SNL 1, 3, 7, and 28 days previously or sham 7 days previously (n ¼ 3, each) were killed by decapitation under deep pentobarbital anesthesia. The ipsilateral L5 DRGs were freshly dissected and frozen. The DRGs were cut into 12-mm-thick sections for the time course study. Three other naı¨ve rats were similarly processed for control.
ISH histochemistry and immunohistochemistry
Partial cDNAs of rat Kv1.4 (GenBank Accession No. X16002; base 2309-2742), Kv3.4 (X62841; 2345-2743), Kv4.1 (U89873; 1080-1400), Kv4.2 (S64320; 1850-2376), and Kv4.3 (U42975; 571-975) were synthesized by reverse transcription polymerase chain reaction from rat DRG-derived total RNA, cloned into p-GEM T-easy vector (Promega, Madison, WI), and sequenced as previously described. 39 These vectors were digested by a restriction enzyme SpeI or NcoI (Takara Bio, Otsu, Japan) in adequate buffer, and alpha 35 S-UTP-labeled antisense RNA probes were synthesized using T7 or SP6 RNA polymerase (Promega). ISH and emulsion autoradiography were performed as described. 39 
Image analysis
We captured the tissue images using a Nikon DXM-1200 digital CCD camera connected to a Nikon Diaphoto-300 microscope, saved them as TIFF images, and objectively evaluated the ISH signals using NIH image version 1.61 as described. 39 The percentage of grain-occupied area of each neuronal profile was divided by the background grain density to obtain the signal intensity (Âbackground). The signal intensities were plotted against the neuronal cross-sectional area. We defined signal intensities larger than 10Â background as positively labeled for the mRNA and calculated the percentages of positively labeled profiles.
Statistical analysis
Data are expressed as mean AE SEM. For electrophysiological experiments, data were stored on a computer disk for off-line analysis (pClamp 8.0; Axon Instruments Inc., Foster City, CA). The differences were analyzed using one-way analysis of variance followed by Bonferroni's multiple comparison tests. For ISH histological experiments, the differences in signal intensity were analyzed using the Kruskal-Wallis test followed by Dunn's multiple comparisons tests. The differences in the percentages were analyzed using one-way analysis of variance followed by Bonferroni's multiple comparison tests or unpaired t tests. All tests were performed using Prism4 (GraphPad Software Inc, San Diego, CA). Two-tailed P values lower than 0.05 were considered to be significant.
Results
Our surgical procedures did not affect health status of the rats, except for neuropathic pain behavior in the ipsilateral hind paw.
GDNF reverses hyperexcitability of injured large neurons
Large neurons (diameter !36 lm) from the SNL þ saline group had a significantly lower rheobase (Figure 1(a) and (b); P < 0.001), significantly longer first spike duration (Figure 1(c) and (d); P < 0.01), and significantly more depolarized resting membrane potential (Figure 1(d) and (e); P < 0.001) compared to naı¨ve neurons, indicating that injured A-fiber neurons become hyperexcitable. GDNF treatment completely reversed all these changes (Fig. 1) .
In order to explain the mechanisms of these changes in excitability of large neurons after nerve injury and GDNF treatment, we examined the changes in potassium currents in these neurons (Figure 2) . While total potassium current density was significantly lower in the SNL þ saline group compared to naı¨ve rats (P < 0.05 vs. naı¨ve), the effect of GDNF treatment on this reduction did not reach statistical significance (Figure 2(c) ; P > 0.05 vs. SNL þ saline). Therefore, we separated total potassium currents into I A and I K (Figure 2(a) ). I K density was not influenced by SNL surgery or GDNF treatment (Figure 2(a) and (c) ). In contrast, I A density was significantly decreased in the SNL þ saline group (P < 0.001 vs. naı¨ve) and GDNF treatment completely counteracted the reduction (Figure 2(a) to (c); P < 0.001 vs. SNL þ saline).
Next, we examined the change in expression of I A -encoding Kv alpha-subunit mRNAs by ISH histochemistry using 35 S-labeled RNA probes and emulsion autoradiography. For histochemical studies, we classified the DRG neurons into small (profile < 1000 mm 2 ; all C-fibers and small A-fibers) and large (!1000 mm 2 ; exclusively A-fibers). 37 In naı¨ve or sham L5 DRGs (Table 1 and Figure 3 ), Kv1.4 and Kv3.4 mRNAs were preferentially expressed in small neurons. Kv4.1 mRNA was expressed in almost all DRG neurons, while Kv4.3 mRNA was almost exclusively expressed in small neurons, and signals for Kv4.2 mRNA were rarely detected. After L5 SNL, overall expression of these mRNAs clearly decreased in the L5 DRG. These changes were obvious on day 3, when we started GDNF infusion, and continued for at least 28 days (Figure 4) . Although Kv1.4 expression appeared partially reversed by GDNF treatment ( Figures 5 and 6(a) ), signal intensities in large neurons were not significantly reversed. Interestingly, Kv3.4 expression was increased in large neurons but decreased in small neurons after SNL ( Figures 5 and 6(b) ). GDNF treatment further increased Kv3.4 mRNA expression in large neurons (Figure 6(b) ).
Kv4.1 expression was significantly reduced by SNL and GDNF completely reversed the reduction ( Figures 5 and  6(c) ). Kv4.2 expression was quite low in DRGs in each group (Figure 5 ), while a significant change was detected Note: DRG neurons were classified into small (cross-sectional area 1000 mm 2 ; all C-fiber neurons and smaller A-fiber neurons) and large (>1000 mm 2 ; exclusively A-fiber neurons) groups (See 18 ). Expression of each mRNA was examined by in situ hybridization histochemistry using 35 after GDNF treatment (Figure 6(d) ). Kv4.3 signals disappeared after SNL, and GDNF could not reverse the downregulation ( Figures 5 and 6(e) ).
Discussion
We demonstrated that injured putative A-fiber neurons showed increased excitability with a significantly lower rheobase and more depolarized resting membrane potential compared to naı¨ve neurons. Similar electrophysiological changes have been reported previously. 17, 18 Under such conditions, normally subthreshold depolarization by chemokines and cytokines derived from Schwann cells and macrophages around the injured axons could cause action potentials, leading to spontaneous firing. 40, 41 We found, for the first time, that GDNF reversed the electrophysiological hyperexcitability of these putative A-fiber neurons. In previous studies, while SA was suppressed by topical or systemic application of a COX-2 inhibitor, 42 gabapentin, 43 and low-dose local anesthetics, 7 neuronal hyperexcitability per se was only reversed by perineural injection of clonidine, an alpha2 adrenergic receptor agonist, at the site of injury. 18 The effectiveness of GDNF and clonidine may reflect the upregulation of receptors for these agents in injured DRG neurons. 34, 39, 44, 45 We detected a significant reduction of I A , but not I K , in injured A-fiber neurons. A previous study reported that I A and I K decreased, but I D was unaffected, after axotomy. 46 Although the details remain obscure, this difference may be due to the age or weight of the rats used, differences in the injured site or nerve, and/or interval after injury: 10 days versus 2 to 3 weeks. Our GDNF treatment also reversed the reduction of I A in the injured putative A-fiber neurons. Given that I A is an important determinant of neuronal excitability, GDNF should suppress SA through I A recurrence.
We demonstrated that naı¨ve DRG neurons expressed five I A -encoding Kv alpha-subunits at various percentages. Kv1.4 and Kv3.4 mRNAs were predominantly expressed by small neurons and some large neurons, and these observations were in line with the findings of previous immunohistochemical studies. 28, 31 While a previous study using ISH with digoxigenin-labeled RNA probes reported that Kv4.1 mRNA is expressed by approximately 60% of DRG neurons with all ranges of cell sizes, 33 our result showed that almost all large neurons had this transcript, perhaps due to the higher sensitivity of our ISH method. Signals for Kv4.2 mRNA were observed only in a limited number of neurons. An immunohistochemical and quantitative reverse transcription polymerase chain reaction study also reported findings consistent with ours. 32 Selective distribution of the Kv4.3 protein in some C-fiber neurons has been revealed by immunohistochemistry. 31 Our ISH also showed high expression of Kv4.3 mRNA in small neurons with only just detectable signals in some mediumsized and large neurons.
Kv alpha-subunits are divided into four major gene families, Kv1, Kv2, Kv3, and Kv4, and each Kv alphasubunit can assemble with the members of the same family, but not with those of other families, to constitute functional Kv channels. 47 DRG neurons express many Kv alpha-subunit mRNAs. 48 Although each Kv alpha-subunit examined in this study displays I A -type currents in heterologous expression systems, the precise composition of functional I A -type channels in DRG neurons was not determined. If large neurons express other Kv1 or Kv3 alpha-subunits, each of them could assemble with Kv1.4 or Kv3.4 to constitute heteromeric channels 26 and the electrophysiological characteristics of these channels may differ from those of I A . 49, 50 Conversely, all three members of the Kv4 family (Kv4.1, Kv4.2, and Kv4.3) encode I A . All DRG large neurons expressed Kv4.1 mRNA, and less than 10% of these neurons expressed the other two Kv4 mRNAs ( Figure 3 and Table 1 ). In addition, L5 SNL decreased I A as well as Kv4.1 expression and GDNF fully reversed both changes. Therefore, our data indicate that most A-fiber neurons should have I A mediated by the homotetrameric Kv4.1 channel, while some neurons may have heteromeric Kv4 channels and suggest that the change in I A in injured large neurons is mainly due to change in Kv4.1.
Contrary to other Kv mRNAs, Kv3.4 mRNA increased selectively in the injured large neurons after SNL. A previous study found overall reduction of immunoreactivity for Kv3.4 in injured DRG neurons after L5/6 SNL. 31 Those authors, however, did not separate small neurons from large neurons and appeared not to have recognized the remaining Kv3.4 staining in large neurons. If this alpha-subunit forms homotetrameric channels, this upregulation could partially compensate for the reduction of Kv4.1-mediated I A .
Naturally, other mechanisms that could influence I A in the injured A-fiber neurons, such as change in the phosphorylation state of Kv alpha-subunits and assembly with beta-subunit, cannot be excluded. [51] [52] [53] Whether these changes contribute to hyperexcitability of the injured A-fibers and the effect of GDNF treatment in this model remains to be elucidated.
As a matter of course, parallel changes in excitability and Kv4.1 expression in the injured primary afferent neurons do not demonstrate causality. However, we identified a powerful candidate for molecular mechanism of abnormal hyperexcitability in injured A-fibers among more than 30 Kv alpha subunits. Development of a Kv4.1-specific opener will be a useful strategy for future research and pain therapy. Peripheral nerve block of damaged nerve is often effective in human neuropathic pain, indicating the involvement of abnormal excitability of injured primary afferents. A Kv4.1-specific opener may be effective in human. Otherwise, quantitative/comparative analysis of Kv expression in the injured primary afferent neurons may reveal the key Kv alpha-subunit in human neuropathic pain mechanism.
In conclusion, the regulatory effects of GDNF on Kv4.1 expression could be a main molecular mechanism through which GDNF reverses the hyperexcitability and reduces the spontaneous firing of injured A-fibers in rats.
